INTRODUCTION 1 component of bond stresses. This wedging action increases with the axial load pulling 23
the rebar out, which eventually results in concrete crushing between ribs. Radial stresses 24 increase as well, until concrete tensile strength is reached in the concrete surrounding 25 the rebar. As a result, transverse microcracking occurs, with the consequent loss of 26 strain compatibility between rebar and concrete: the rebar progressively slips out of 27 concrete with the development of these microcracks. The initiation and progress of the 28 slippage results in the activation of bond. As long as confinement is sufficient and the 29 cracks do not imply the total failure of concrete surrounding the rebar, bond stresses 30 keep increasing until the ultimate value, known as bond strength, is reached. After this 31 peak, bond stress-slip curves exhibit a softening behavior. 32 33 Depending on the confinement conditions, bond failure can occur in two different major 1 modes: pullout failure (when the rebar is pulled out after the shear failure of the rebar-2 concrete interface), or splitting failure (when the concrete surrounding the rebar 3 undergoes total splitting as a result of the radial stresses). The confining effect of 4 concrete cover is most usually typified by rebar diameter: concrete cover/diameter ratio 5 is the reference parameter. According to the Model Code [4] , concrete is considered 6 well confined when this ratio is not less than five, and it must be higher than 2.5 to 7 prevent splitting failures [5, 6] , although this threshold varies depending on different 8 factors. A detailed analysis of these factors determining the mode of bond failure and 9 the effect that fibers have on the risk of concrete splitting has already been published [7] . 10 11 Confinement affects bond performance in terms of bond strength and bond failure 12 ductility [4] in addition to the mode of bond failure [8, 9] . In terms of ductility, 13 increasing the concrete cover has been shown to improve the ductility of bond failure, 14 as bond stress-slip curves become steeper when concrete cover increases [10] . 15 16
Effect of Steel Fibers on Bond between Reinforcement and Concrete 17 18
Steel fibers have been increasingly introduced in concrete production in recent years 19 [11, 12] . They improve bond between reinforcement and concrete even when they are 20 dosed at low contents [13] as a result of their confining effect and their broadening the 21 range of crack width values within which passive confinement remains active [13] [14] [15] . 22
23
The positive effect of fibers on bond capacity is acknowledged in codes and 24 recommendations for structural concrete but is not always considered in expressions to 25 determine development lengths. Their effect on bond performance is especially 26 noticeable in terms of toughness of bond failure and the ductility of the material [10, 16] . 27
However, accounting for the enhanced bond capacity of SFRC in order to reduce 28 required anchorage length values is not a straightforward issue. In this sense, several 29 studies have been performed attempting to model the bond phenomenon and anchorage 30 behavior in general [17] [18] [19] [20] [21] [22] [23] [24] . 31 32 33 34
OBJECTIVES 1 2
As it has been highlighted in the introduction, a number of variables are involved in 3 terms of bond of reinforcing bars to SFRC, and there was a need to study all of them 4 together in order to quantify their importance, detect potential synergies between them 5 and non-linear trends. This research aimed at studying bond capacity of SFRC from a 6 multivariate perspective. The main objectives were: 7  To study different parameters characterizing the toughness of bond failure under 8 the conditions of the Pull Out Test (POT), and their relation with bond strength. 9
 To study the effect that steel fiber content, fiber length and slenderness, concrete 10 compressive strength, rebar diameter and concrete cover have on bond capacity 11 of SFRC and on the toughness of bond failure.
12
 To obtain analytical expressions that can be used to estimate bond strength and 13 bond toughness in relation to the factors considered. 14 15 16
EXPERIMENTAL INVESTIGATION 17 18

Definition of variables and experimental programme 19 20
The following factors were considered: concrete compressive strength (fc), rebar 21 diameter (D), concrete cover (C), steel fiber content (Cf), fiber slenderness (f) and fiber 22 length (lf). The values considered for each of these factors are summarized in Table 1.  23   24 Three different groups of concrete mixes were considered, providing compressive 25 strength values between 30 and 50 MPa. They are referred to throughout this paper as 26 Type I, II, and III, and they are based on the reference mix designs given in Table 2 . 27
The mixes within each group vary in fiber content. cylindrical specimens were produced with concrete from the same batch. The number of 4 POT specimens produced and tested was 9 x 3 = 27 for each of the three series, and 5 therefore the total number of POT specimens was 27 x 3 = 81. rebar yielding so that specimens failure could be related only to bond failure in all cases. 28
29
The dimensions of the cross-section were different for each POT specimen. This is 30 sketched in Figure 3 , where D is the rebar diameter, S is the side, and C is the concrete 31 cover, variable. As shown in Figure 3 , the rebar was positioned eccentrically so that the 32 factor 'concrete cover' was restricted to two out of four semi-axes in the cross-section. 33
With respect to the other two semi-axes, concrete cover was never less than 125 mm in 1 order to have good confinement. cold-drawn, hooked-end fibers made with low carbon steel (yield strength 1100 MPa 10 minimum) and without any coating. 11
12
To produce the concrete mixes and cast the specimens, the same sequence of operations 13 and mixing regime was followed in all cases. Each one of the concrete batches was 14 characterized by testing 2 cylindrical specimens under uniaxial compression. These 15 control specimens were cast at the same time as their corresponding POT specimens, The effects of the variables considered (fc, D, C, Cf, f, lf) on the bond capacity 5 parameters analyzed were evaluated and modelled by means of multiple linear 6 regression [29] . In addition to the equations obtained, statistical significance tests were 7 used to assess the relative importance of each variable. The modelling process followed 
Where z is the parameter analyzed ( , Apeak, A80, or A50), and , , ,
, , and are coefficients to be estimated by least squares fitting to the 14 experimental results. 
6 Where is the fiber geometry factor, as follows: 7
The goodness-of-fit of the model given by equations (2) and (3) was relatively good, 9
with an R-squared of 0.78. This is illustrated in Figure 6 The improvement of passive confinement, by either increasing the cover/diameter ratio 4 or fiber content, tended to increase the bond strength but only slightly. This was 5 attributed to the fact that, when the bond strength is reached, the microcracking is not 6 yet so advanced as to activate the sewing effect of fibers or the confinement given by 7 the concrete cover. 8 9 Variations in fiber slenderness and length were detected to modify the effect that 10 increasing the fiber content has on bond strength. This is represented by the fiber 11 geometry factor given by equation (3). Figure 8 represents the variation of this factor 12 with fiber slenderness and length, and Figure 9 shows the relationship between bond 13 strength and fiber content for different values of fiber length and slenderness. It was 14 observed that, for the same fiber content, shorter fibers were preferable in terms of their 15 impact on bond strength. This was attributed to the fact that the contribution of longer 16 fibers is not fully activated until the microcracking surrounding the rebar is more 17 developed than it is when bond strength is reached. With respect to the slenderness, its 18 effect is related to the section of the fibers. 
26
The values of areas under the bond stress-slip curve showed a considerable scatter. This 27 is observed in Figure 10 
27
Both equations are discussed together as they have the same structure and yield very 28 similar information. Figure 12 shows the effects plots for A80, and the trends observed in 29 these plots are the same as in the case of A50. 30 1 Consistently with the findings in relation to Apeak, geometrical differences between the 2 fibers considered in this research did not have a statistically significant effect on post-3 peak bond toughness, and the effect of fibers on either A80 or A50 was related to fiber 4 content only. It is quite interesting to note that the addition of 70 kg/m 3 of fibers had the 5 same relative impact on both parameters (A80 is increased by 82% while A50 is increased 6 by 81%, in average, with respect to concrete without fibers), which was quite similar to 7 that observed for Apeak (relative increase of 71%). Important similarities are also found in relation to the scatter of these parameters, and 23 the same considerations made with respect to Apeak are applicable to both A80 and A50. 24
The scatter pattern observed in all these parameters is quite consistent: the higher their 25 average value is, the more scattered they are. Furthermore, as can be observed in Figure  26 13, it is also remarkable that there is a strong linear correlation between any of these 27 areas and bond strength (R-squared between 0.52 and 0.68). The following conclusions are obtained, based on the results of these investigations: 5  Concrete compressive strength was identified as the most determining factor on 6 bond strength, which is consistent with previous literature on the subject. 7  Higher rebar diameters yielded higher bond strength values as larger rebar 8 diameters have bigger ribs which increase wedging action. 9  The effect of fiber content on bond strength is of limited importance. The 10 passive confinement exerted by either increasing the concrete cover or fiber 11 content, tended to increase the bond strength but only slightly, as the 12 microcracking was not yet so advanced at the peak bond stress. 13  Variations in fiber slenderness and length were detected to modify the effect that 14 increasing the fiber content has on bond strength. The most remarkable effect 15 observed was than, for a same fiber content, shorter fibers resulted more 16 effective than longer fibers to improve bond strength. 17  Concrete compressive strength, rebar diameter, cover/diameter ratio and fiber 18 content were detected to significantly affect toughness until the peak (Apeak).
19
 The effects of the studied factors on the post-peak toughness were the same 20 regardeless the level the bond stress level (A80 or A50).
21
 The effect of fibers on bond toughness parameters (Apeak, A80 and A50) is much 22 more noticeable than on bond strength. Their contribution to bond toughness 23 depends only on the fiber content and is not affected by fiber slenderness or 24 length as long as they fall within the ranges considered in this research. 
